Pristine and poly(tert-butyl acrylate) (PTBA) functionalized carbon nanotubes are continuously exposed to 2.41 eV laser irradiation while collecting Raman spectra. The loss of the intensity of the radial breathing modes (RBMs) of small metallic PTBA functionalized nanotubes is less than that of pristine nanotubes. A reduction of the intensity of the G − band of pristine SWNTs occurs such that the overall shape of the G band evolves to resemble that of the PTBA functionalized sample. Complementing the measurement of the ratio of intensities of the D and G bands, the laser-induced spectral changes provide another way to determine the sidewall functionalization of carbon nanotubes. The laser-induced changes of the G and RBM bands are consistent with the greater sidewall reactivity of small metallic nanotubes toward functionalization with PTBA and reaction with photosensitized oxygen.
Introduction
Carbon nanotubes have received attention due to their interesting structure and electronic, mechanical, heat conductive, and other physical properties. The synthesis of carbon nanotubes often yields inhomogeneous mixtures with variable dimensions and symmetries that determine their electronic, vibronic, and other characteristics. Sample inhomogeneity is inconvenient for two reasons: scientifically it complicates the interpretation of experimental data such as Raman spectra; technologically it impedes progress in the applications of single walled carbon nanotubes (SWNTs) because many uses require scale-up and integration of ensembles. Solutions to the longstanding problem of sample inhomogeneity are sought by multiple methods as mentioned by Huang et al. [1] Sidewall functionalization has emerged as a possible route to select or separate carbon nanotubes from mixtures [2] [3] and the chemistry of carbon nanotube surface functionalization has been reviewed [4] .
Raman spectroscopy is frequently employed in order to characterize both pristine and functionalized SWNTs. It obtains information about the fundamental electronic and vibrational structure, provides evidence of the selective oxidation of metallic carbon nanotubes [1] [5] , and is useful as a convenient measure of sidewall functionalization [2] . In this work, the laser induced spectral changes of pristine and poly(tert-butyl acrylate) (PTBA) functionnalized SWNTs are compared under identical experimental conditions. Laser-induced losses of the higher frequency radial breathing modes (RBMs) of smaller SWNTs and the G − band of Raman spectra are compared and discussed for pristine and PTBA functionalized SWNTs. Complementing the measurement of the D/G ratio that is used as evidence of sidewall functionalization [2] , the analysis of the spectral changes of the RBMs and G band also provide a means to discriminate pristine and polymer functionalized carbon nanotubes.
Experimental Section

Single-Walled Carbon Nanotubes and PTBA-SWNT
SWNT were HiPco, batch number PO175, from Carbon Nanotechnologies Inc., Houston, TX. Grafting of poly(tert-butyl acrylate) was carried out by a procedure similar to that for grafting of poly(4-vinylpyridine) [6] . A 50 mL dried Schlenk flask was charged with a magnetic stirrer, 60 mg of pristine SWNT, and 30 mL of N,N-dimethylformamide (DMF). After stirring for 12 h at room temperature, 6.0 g of tert-butyl acrylate and azobisisobutyronitrile (2 mol% relative to tert-butyl acrylate) were added. The solution was stirred for 15 min at 0˚C. The mixture was degassed by three freeze-pump-thaw cycles. The flask was placed in an oil bath at 65˚C for 48 h while stirring the mixture. The mixture was diluted to 200 mL with DMF and was centrifuged at 5000 × g for 2 h. The yellowish supernatant polymer solution was decanted. The black precipitate was redispersed in DMF by shaking, and centrifugation and decantation were repeated. The sediment was diluted to 200 mL with DMF, bathsonicated for 1 h, and centrifuged at 5000 × g for 3 h. After removal of the black supernatant solution, the sediment was redispersed in DMF by bath sonication for 10 min, and the mixture was centrifuged at 5000 × g for 3 h. The supernatant was collected, and the procedure was repeated two more times. The dispersions still appeared black without visible precipitate after standing for 2 weeks. Removal of free polymer in the supernatant is necessary to speed the following ultrafiltration process. The combined black supernatant solutions were vacuum-filtered through a 0.2 µm PTFE membrane. After washing with eight 40-mL portions of DMF, no cloudiness appeared when ten drops of filtrate was added to 15 mL of methanol, indicating that little or no soluble free polymer remained in the mixture. The black solid PTBA-SWNT collected on the membrane was dried in vacuum for 36 h at 50˚C. TGA under nitrogen up to 800˚C gave a 30% weight loss due to the polymer. AFM showed small bundles of tubes with a range of lengths 0.3 -3 µm, a range of heights of 3.0 -10.3 nm, and an average height of 6.5 nm. FTIR showed a strong carbonyl band at 1723 cm −1 . Samples were drop coated on silicon wafers.
Raman Spectroscopy
Raman was performed in backscattering geometry using an Argon ion laser, 514. ) integration times per data point. The peak areas in Raman spectra were calculated by numerical integration using baseline subtractions common to each spectral region (RBM or G) of each sample set (pristine or PTBA functionalized) with one exception. The baseline for the spectrum of the RBM region of the pristine sample taken at 40 min was found independently due to the presence of significantly more background light. The baseline was calculated from the average of the first and last eight data points in each spectral range. The area of the metallic RBMs, RBM m , was calculated by numerical integration of the range 240 -300 cm −1 , and this is normalized to the area from 150 cm −1 to 300 cm −1 , RBM t . The area of the G − band, G − , was calculated by numerical integration of the range 1450 -1576 cm −1 , and was normalized to the area from 1450 cm −1 to 1650 cm −1 , G t . ) of pristine and PTBA functionalized SWNTs after background subtraction and normalization to the maximum intensity of the G mode. The ratio of the maximum intensity of the D and G bands (D/G) is 0.24 for the pristine sample, and 0.36 for the PTBA functionalized one. Acquiring spectra from multiple positions on the same sample, D/G can be calculated to within an error of less than 5% conservatively, and usually less than 1.5%.
Results
In Figure 2A , the initial and final Raman spectra of the RBM and G regions of a pristine sample that is subjected to constant irradiation at approximately 20 kW/cm 2 for 40 min are shown. The spectra of a PTBA functionalized sample that is subjected to identical conditions appear in Figure 2B . The spectra are not normalized. For both samples, a significant loss in the intensity of the radial breathing modes that lie in the range 240 -290 cm −1 is discerned when compared with the nearly constant intensity of the modes at 209 cm −1 and 188 cm −1 . In addition to the loss of intensity of the metallic RBMs, a loss of intensity of the G − band is observed in the pris- tine sample (Figure 2A) .
The ratio of the spectral area of the metallic RBM to the total RBM, RBM m /RBM t , is plotted versus time (Figure 3) . Plots of the ratio RBM m (t)/RBM t (t) rather than RBM m (t)/RBM m (t = 0) are shown because they yielded better fits to single exponential functions (I = Ae −t/τ ). A normalization procedure such as the one used here is necessary to correct for fluctuations and drift of laser power that occur over the time scale of the experiment.
The integrated spectral area of the G − band is normalized (G − /G t ) and plotted in Figure 4 . Over 40 minutes, the reduction of the normalized area of the G − band of the PTBA functionalized sample is only 2.9% compared to the 12% of the pristine sample. The functionalization of the sidewalls with PTBA decreases the extent of subsequent laser-induced change of the Raman intensities of the RBM and G regions. Laser assisted spectral changes of the metallic RBMs follow a similar trend, yielding a normalized intensity of RBM m of PTBA functionalized samples of 8.7%, and for pristine samples, 23%. The key spectrally based measurements are shown in Table 1 . Estimates of the diameters of nanotubes, from the equationd t = 248/ω (d t , diameter in nm; ω, RBM frequency in cm −1 ) [7] , and tentative assignments of chiral indices (n, m) are given in 4. Discussion
Discrimination of Pristine and Sidewall Functionalized Nanotubes
The increase in D/G after the PTBA treatment shown in Figure 1 is an indicator of the chemical attachment of the PTBA group to the nanotube sidewall [2] . Sidewall functionalization is expected to increase the density of sidewall defect-sites that break the nanotube symmetry [2] , and increase the intensity of the D band. The reaction of sp 2 carbons to form sp 3 carbons that occurs upon sidewall functionalization should not be interpreted as a necessary condition for an increase in the intensity of the D band, although the double resonance mechanism that accounts for the D band requires a defect site to satisfy the conservation of momentum during the Raman scattering process [8] . The spectral changes that accompany sidewall functionalization are sometimes assumed to be entirely due to an increase of the intensity of the D band that is directly caused by increase of the density of sp 3 defects in the sidewalls. Spectra are commonly normalized to the maximum intensity of the G band in order to ease the comparison of different spectra. The changes to D/G after sidewall functionalization can thus be possibly due to changes occurring to both the D and G regions. Notably, sidewall functionalization with PTBA changes the shape of the G band, reducing the relative intensity of the G − band which is the low frequency shoulder of the G band from 1450 -1576 cm −1 . During continuous laser irradiation of pristine carbon nanotubes, spectral changes occur that affect the D/G ratio [9] as well as the intensities of the radial breathing modes [10] [11], although no significant changes to the intensity of the D band are observed. The G − region of pristine carbon nanotubes undergoes a significant reduc tion of intensity that is greater than that of the PTBA functionalized samples. The shape of the entire G band of pristine nanotubes evolves under constant irradiation to resemble that of the PTBA functionalized nanotubes. The RBMs that arise from small metallic nanotubes of both pristine and PTBA functionalized samples also undergo a noticeable reduction of intensity. The laser-induced spectral changes that we observed are not reversed after samples are left overnight in the dark. Table 1 summarizes the easily measurable empirical differences between the Raman spectra of pristine and PTBA functionalized SWNTs.
Radial Breathing Modes
The higher frequency RBMs at 271 cm −1 , 263 cm −1 , and 248 cm −1 are assigned to metallic SWNTs, and the lower frequency modes at 209 cm −1 and 188 cm −1 are assigned to semiconductor SWNTs that are larger in diameter than the metallic SWNTs [1] . The chiral index (n, m) determines its electronic structure and only the nanotubes that have a difference in electronic band energies near the laser's energy of 2.41 eV provide a significant Raman scattering signal.
The two prominent semiconductor bands at 188 cm −1 and 209 cm −1 swap dominance after sidewall functionalization as seen by comparing the low frequency RBM regions of Figure 2A and Figure 2B . This may be ascribed to a greater susceptibility of the 209 cm −1 nanotubes to sidewall functionalization that is determined by the chiral index (n, m), noting that the bond strain, diameter, and density of states near the Fermi level of pristine SWNTs can all be theoretically calculated from the chiral index.
The effect of sidewall functionalization with PTBA on the peaks at 188 cm −1 and 209 cm −1 may also be ascribed to two other contributing factors even if every nanotube type (n, m) exhibits the same reactivity. 1) Upon sidewall functionalization with PTBA, the RBM of the 209 cm −1 nanotube undergoes a greater loss in polarizability, α, thereby reducing its Raman cross-section, compared to the 188 cm −1 nanotube. In other words, dα/dN, with dN = the differential change in the surface density of functionalization attachment points, is more negative for the 209 cm −1 nanotube than the 188 cm −1 nanotube. 2) Upon sidewall functionalization, the electronic states of the 209 cm −1 nanotube undergo a shift in energy that brings the nanotube farther out of resonance with the excitation laser in comparison to the 188 cm −1 nanotube. Sidewall functionalization alters the electronic band structure of SWNTs [12] . This may increase or decrease the electronic resonance of the SWNTs with the 2.41 eV laser, depending on the nanotube type (n, m). In other words, the nanotube symmetry (n, m) determines how great of a shift of each electronic band occurs after the nanotube sidewall is derivatized. The sensitivity of the energy of an electronic band to surface functionalization may be expressed as dE/dN, with dE = the differential change in the energy of an electronic band. Each nanotube type (n, m) may have a unique value of dE/dN for each of its electronic bands. The relative increase of the intensity of the 188 cm −1 RBM compared to the 209 cm −1 RBM that occurs upon functionalization (left side of Figure 1A and Figure 1B ) may be attributed partly to such a mechanism.
The initial relative spectral area of the metallic RBMs (at t = 0 in Figure 3 ) is significantly greater for the PTBA functionalized nanotubes (0.69) than the pristine nanotubes (0.55). This is due to the relative reduction, after functionalization, of the intensity of the semiconductor mode at 209 cm −1 (Figure 2A and Figure 2B ). Over time, the spectral areas of the semiconductor RBMs of the pristine and PTBA functionalized samples do not change significantly as they are subjected to constant irradiation. In contrast, the loss of the intensity of the higher frequency metallic RBMs has been attributed to sample oxidation by reaction with singlet oxygen that is generated from the atmosphere [10] . Singlet oxygen can be generated by photoexcited impurities such as buckeyballs or left-over metal from the catalyst particles that are used in synthesis. Singlet oxygen binds to structurally perfect SWNTs [13] , and forms endoperoxides that change the SWNT band structure [14] . Further irreversible oxidative steps are also likely.
Generally, small diameter SWNTs are more reactive than large diameter ones due to the greater bond strain of small diameter SWNTs. This alone may account for the greater loss of the intensity of the higher frequency (metallic) RBMs compared to the lower frequency (semiconductor) ones [15] , although nanotube symmetries (n, m) also contribute to the sidewall reactivity [1] [16] . The high density of states near the Fermi level of metallic nanotubes which are identified with chiral indices (n, m) such that 2n + m is divisible by 3 contributes to their enhanced reactivity in comparison to semiconductor nanotubes.
The decay of the Raman intensity of the metallic RBM region of the PTBA functionalized sample is significantly faster compared to the pristine one (Figure 3) . The decay times obtained are: 8.7 ± 0.5 min for the PTBA sample, and 47 ± 7 min for the pristine sample. The difference in rates is attributed to a reduction of the thermal conductivity of PTBA functionalized samples compared to pristine ones.
The thermal conductivity of carbon nanotubes is unusually high [12] [17], and is reduced after sidewall functionalization for two reasons: functionalization increases the scattering of phonons along the nanotubes which decreases the thermal conductivity, and the polymer moiety has a lower thermal conductivity than the carbon nanotubes by a factor of approximately 1000. Compared to the pristine SWNTs, the PTBA functionalized nanotubes are separated, with a polymer that has a much lower thermal conductivity that fills the space between them. The pristine SWNTs conduct heat away from the irradiated spot more quickly, thus they oxidize more slowly.
G Band
The G band arises from vibrational modes that are oriented tangentially to the surface of the carbon nanotube. In each carbon nanotube type (n, m), six vibrational modes are present across the entire range of the G band, and at least half are Raman active in each type of nanotube [7] [12] . The G band is separated into a narrower band at 1590 cm −1 (G + ) that is not as sensitive to the symmetry and diameter of the nanotube as is the broader component, the G − band. The many types of electronically resonant SWNTs present in samples have G − frequencies and intensities that are dependent on their symmetry. The observed intensity ratio, G − /G t , of the Raman peaks of isolated nanotubes is variable [7] , and depends on the nanotube's electronic band structure which determines its resonance Raman enhancement.
Under constant irradiation, the loss of intensity of the G − band of the pristine sample occurs such that the shape of its entire G band approaches that of the functionalized sample (Figure 4) . The laser induced effects on the G band of pristine nanotubes is apparently the same as the attachment of PTBA, that is, to reduce the G − component. Both sidewall functionalization with PTBA and reaction with 1 O 2 occur more readily to the same types of nanotubes that provide the G − Raman signal of the overall resonant set that provide the entire resonant Raman signals.
Among the nanotubes that provide a Raman signal, the set of pristine nanotubes that have a relatively high G − /G t ratio are, observationally, the most susceptible to oxidation and sidewall functionalization with PTBA. These may be regarded as metallic nanotubes because of the asymmetric Fano shaped contribution of metallic SWNTs to the low frequency G − shoulder of the G band. In addition to the direct reaction of the sidewalls of the SWNTs, the laser-induced loss of the intensity of the G − band of pristine SWNTs may also be attributed to heat-induced separation, and an accompanying reduction of plasmon coupling of separated SWNTs that reduces the G − signal. Debundling causes a loss of electronic coupling between neighbors [18] , and blue-shifts the electronic absorption [19] . Such effects are not observed in PTBA functionalized SWNTs because by attaching polymers to the sidewalls, the nanotube bundles have become separated from each other. Even after drying the sample on a substrate, the presence of PTBA on the sidewalls increases the center-to-center distance between neighboring nanotbues, and reduces the electronic coupling between neigh-boring nanotubes. Bundling is reduced in the PTBA functionalized sample, and the extent of laser-assisted change of its G − band is less than that of the pristine sample.
Comparison of Laser-Induced Changes of the G and RBM Bands
Evidence for the selective laser-induced oxidation of small carbon nanotubes based on resonance Raman spectroscopy of the RBM region is substantial [9] [10] [15] . Unfortunately, the resonance conditions for the RBMs and G band differ by ~0.2 eV, so a different set of carbon nanotubes provides the signal in these two spectral regions [20] . There is no correlation between the rates of the changes in the RBM and G regions. There is correlation between the sample type (pristine versus PTBA functionalized) and the extent of laser-assisted change of G − /G t and RBM m /RBM t . In both spectral regions, greater changes are observed in the pristine sample compared to the PTBA functionalized sample as is shown in Table 1 . Although the laser-induced changes of the G band may be ascribed to the preferential oxidation of small metallic SWNTs, the tangential modes of many types of SWNTs overlap to form the G − band. Consequently, the oxidation of other types of nanotubes is difficult to entirely discount.
Effect of Sidewall Reactions on Raman Spectra
Pristine nanotubes have a π-conjugated bond structure that is highly polarizable. Both sidewall addition and oxidation result in sp 3 hybridized defect sites in the otherwise sp 2 hybridized π-conjugated network, resulting in a decrease of the polarizability. Structural changes to the sidewalls are also expected to shift the electronic states, thereby altering the resonance enhancement of the Raman scattering. However, if a shift of the electronic bands were the dominant effect, then one would expect some nanotube types (n, m) to be brought closer to resonance with the excitation laser and the resonance Raman cross-section of some vibrational modes to increase. For the laser-induced changes, this is not observed. The spectra of Figure 2 and the kinetic plots of Figure 3 and Figure  4 show the intensities of Raman modes either remaining constant or decreasing over time.
The laser-induced spectral changes of the RBMs of pristine samples signify preferential oxidation of small metallic SWNTs [1] , and the data is also consistent with the greater susceptibility of small metallic SWNTs to sidewall functionalization with PTBA [2] . Reaction of tert-butyl acrylate or 1 O 2 with the SWNT sidewalls causes the density of sp 3 hybridized carbons to increase, the bond polarizability to decrease, and the (non-resonantly enhanced) Raman cross-section to decrease. The laser-induced spectral changes of the PTBA functionalized nanotubes are less than those of the pristine SWNTs because of two possible reasons. First, the Raman cross-section of functionalized SWNTs is already reduced. A further substantial increase in the density of sp 3 sites by laser-assisted oxidation of the PTBA functionalized SWNTs that already have more sp 3 defect sites than pristine SWNTs is not observed because of an already low Raman cross-section. The first possible reason does not invoke the second reason, which is that the functionalization of SWNTs reduces their reactivity to oxygen. The second reason is supported by the notion that oxygen binds more favorably to structurally perfect SWNTs [13] , and less favorably to those with a greater defect density. Both reasons are possible.
Conclusion
Differences in the Raman spectra of pristine and PTBA functionalized SWNTs are reported. The reaction of SWNT sidewalls introduces sp 3 hybridized defects into the largely sp 2 hybridized bond structure. This decreases the polarizability of vibrational modes to reduce the Raman cross-section, and causes changes to the electronic band structure that may increase or decrease the Raman cross-section by altering the resonance enhancement. The functionalization of SWNTs with PTBA causes an increase of D/G [2] , and a decrease of subsequent laserinduced loss of intensity of RBMs of small metallic SWNTs and the G − band. The RBMs of small metallic pristine SWNTs undergo a loss of intensity that has been previously attributed to laser-assisted oxidation [1] . The loss of RBM m /RBM t is greater in pristine SWNTs than PTBA functionalized SWNTs. The G − band of pristine samples is reduced by laser irradiation such that the shape of the entire G band approaches that of the PTBA functionalized sample, and this is also attributable to the greater reactivity of smaller diameter metallic SWNTs which have greater bond strain and greater density of states near the Fermi level. Lastly, we note that laser induced oxidation occurs more slowly in pristine samples compared to PTBA functionalized samples due to the greater thermal conductivity of pristine SWNTs, which is responsible for removing heat from the focused spot.
